Choi EY, Yeo BT, Buckner RL. The organization of the human striatum estimated by intrinsic functional connectivity. J Neurophysiol 108: 2242-2263 , 2012 . First published July 25, 2012 doi:10.1152/jn.00270.2012.-The striatum is connected to the cerebral cortex through multiple anatomical loops that process sensory, limbic, and heteromodal information. Tract-tracing studies in the monkey reveal that these corticostriatal connections form stereotyped patterns in the striatum. Here the organization of the striatum was explored in the human with resting-state functional connectivity MRI (fcMRI). Data from 1,000 subjects were registered with nonlinear deformation of the striatum in combination with surface-based alignment of the cerebral cortex. fcMRI maps derived from seed regions placed in the foot and tongue representations of the motor cortex yielded the expected inverted somatotopy in the putamen. fcMRI maps derived from the supplementary motor area were located medially to the primary motor representation, also consistent with anatomical studies. The topography of the complete striatum was estimated and replicated by assigning each voxel in the striatum to its most strongly correlated cortical network in two independent groups of 500 subjects. The results revealed at least five cortical zones in the striatum linked to sensorimotor, premotor, limbic, and two association networks with a topography globally consistent with monkey anatomical studies. The majority of the human striatum was coupled to cortical association networks. Examining these association networks further revealed details that fractionated the five major networks. The resulting estimates of striatal organization provide a reference for exploring how the striatum contributes to processing motor, limbic, and heteromodal information through multiple large-scale corticostriatal circuits. somatotopy; limbic network; prefrontal cortex; association cortex; fMRI; functional connectivity; default network ANIMAL STUDIES and human patient cases demonstrate that the basal ganglia are involved in diverse functional domains including movement, cognition, and reward (Alexander et al. 1986; DeLong and Georgopoulos 1981; Haber and Gdowski 2004; MacLean 1972) . Providing an anatomical basis for functional diversity, tract-tracing studies show that the basal ganglia are connected to distributed regions of the cerebral cortex through multiple, partially parallel anatomical loops (Alexander et al. 1986 (Alexander et al. , 1990 . Each loop includes projections from the cerebral cortex, through the basal ganglia, to the thalamus, and back to the cerebral cortex. Cortical efferents to the striatum (the main input nucleus of the basal ganglia) form distinct patterns depending on their cortical origin. The posterior putamen and the dorsolateral anterior putamen receive projections from motor and motor association cortex, the central anterior striatum from cognitive regions including prefrontal cortex, and the ventral anterior striatum from regions associated with the limbic system, in particular medial and orbital frontal cortex (Haber et al. 1994; Parent 1990). More complex projection patterns are also observed that do not fit neatly into a tripartite heuristic, including interdigitated projection zones (Selemon and Goldman-Rakic 1985) . Nonetheless, corticostriatal projections in the monkey broadly differentiate motor, cognitive, and affective systems, suggesting a basis for functional specialization within the basal ganglia. Characterizing the detailed topography of corticostriatal projections in the human is thus important for understanding basal ganglia function and how motor and neuropsychiatric disorders arise from its dysfunction.
ANIMAL STUDIES and human patient cases demonstrate that the basal ganglia are involved in diverse functional domains including movement, cognition, and reward (Alexander et al. 1986; DeLong and Georgopoulos 1981; Haber and Gdowski 2004; MacLean 1972) . Providing an anatomical basis for functional diversity, tract-tracing studies show that the basal ganglia are connected to distributed regions of the cerebral cortex through multiple, partially parallel anatomical loops (Alexander et al. 1986 (Alexander et al. , 1990 . Each loop includes projections from the cerebral cortex, through the basal ganglia, to the thalamus, and back to the cerebral cortex. Cortical efferents to the striatum (the main input nucleus of the basal ganglia) form distinct patterns depending on their cortical origin. The posterior putamen and the dorsolateral anterior putamen receive projections from motor and motor association cortex, the central anterior striatum from cognitive regions including prefrontal cortex, and the ventral anterior striatum from regions associated with the limbic system, in particular medial and orbital frontal cortex (Haber et al. 1994; Parent 1990 ). More complex projection patterns are also observed that do not fit neatly into a tripartite heuristic, including interdigitated projection zones (Selemon and Goldman-Rakic 1985) . Nonetheless, corticostriatal projections in the monkey broadly differentiate motor, cognitive, and affective systems, suggesting a basis for functional specialization within the basal ganglia. Characterizing the detailed topography of corticostriatal projections in the human is thus important for understanding basal ganglia function and how motor and neuropsychiatric disorders arise from its dysfunction.
Organization of the Striatum in the Human
Corticostriatal projections in the human have been explored with noninvasive neuroimaging methods including intrinsic functional connectivity Di Martino et al. 2008; Zhang et al. 2008) , diffusion tensor imaging (DTI; Draganski et al. 2008; Leh et al. 2007 ; Lehéricy et al. 2004 ), T1-weighted voxel-based morphometry (VBM; Cohen et al. 2008) , and meta-analysis of corticostriatal coactivation in taskbased functional studies (Postuma and Dagher 2006) . Consistent with estimates of striatal organization in the monkey, these studies reveal broad topographic patterns that differentiate motor, cognitive, and affective zones of the striatum. For example, using DTI, Lehéricy et al. (2004) examined white matter tracts arising from seed regions placed within the striatum. The posterior putamen gave rise to fiber tracts that traveled through the corona radiata to the motor and adjacent premotor cortices, the anterior striatum targeted the prefrontal cortex and pre-supplementary motor area (pre-SMA), and the ventral striatum revealed tracts associated with the orbital frontal and temporal cortices. Draganski et al. (2008) mapped the detailed voxel connectivity profiles of each point in the human striatum to 23 regions distributed throughout the ipsilateral cerebral hemisphere. The estimated topography demonstrated the tripartite division. More detailed analysis also revealed a functional gradient within the striatum as suggested by Haber (2003) based on animal tracing studies.
Intrinsic functional connectivity MRI (fcMRI; Biswal et al. 1995) has recently emerged as a complementary tool to map the organization of corticostriatal circuits. The basis and limitations of fcMRI are discussed in our companion papers Yeo et al. 2011 ) and elsewhere (Buckner 2010; Fornito and Bullmore 2010; Fox and Raichle 2007; Power et al. 2010; Van Dijk et al. 2010 ). fcMRI detects low-frequency correlations be-tween regions of the brain. The correlations are constrained by polysynaptic anatomical connectivity (although other factors also contribute to functional coupling) such that two regions that are anatomically connected will tend to show stronger functional coupling measured at rest. Thus it is possible to map striatal organization by examining the functional coupling patterns between the striatum and the cerebral cortex.
Di Martino et al. (2008) were among the first to systematically explore striatal organization with fcMRI. By examining the cerebral coupling patterns from six seed regions placed throughout the striatum, they demonstrated clear functional subdivisions. However, the patterns of cortical coupling did not simply involve discrete regions of cortex. Rather, individual striatal regions were coupled to widespread cortical targets. For example, the seed region placed in the right dorsal caudate was functionally correlated with bilateral regions of the dorsolateral prefrontal cortex, anterior cingulate, posterior cingulate, and the inferior parietal lobule (e.g., see their Fig. 3) .
In a recent fcMRI exploration of the striatum, Barnes et al. (2010) employed graph analytic techniques. With a procedure conceptually similar to the DTI work of Draganski et al. (2008) , the profile of functional connectivity for each striatal voxel was analyzed to identify clusters of voxels with similar cortical connectivity patterns. They found that at least three clusters of striatal voxels could be grouped together on the basis of their similar coupling patterns to distinct, distributed cortical networks (forming modules). Thus the analyses of both Di Martino et al. (2008) and Barnes et al. (2010) , while consistent with distinctions between motor, cognitive, and affective systems, also suggest that striatal functional coupling is not localized to discrete portions of a specific lobe or cortical region. Rather, striatal regions are functionally coupled to distributed regions throughout the cerebral cortex.
Present Study
The present study builds upon these prior studies, using an approach that follows from our recent companion papers Yeo et al. 2011) . We previously identified functionally coupled networks across the cerebral cortex ; see also Power et al. 2011 ) that provided a basis for mapping the cerebellum . Here each striatal voxel was mapped to its most correlated cortical network, thereby comprehensively mapping the striatum in reference to cerebral networks. In this regard, the present strategy differs from prior studies of the striatum that target specific anatomically defined cortical targets (e.g., dorsolateral prefrontal cortex). The goals of this study are 1) to provide reference maps that are a current best estimate of the organization of the human striatum as measured by functional connectivity, 2) to compare human striatal functional connectivity to monkey anatomical connectivity, and 3) to explore whether there are any global patterns that provide insight into corticostriatal circuit organization in the human.
METHODS

Overview
The present study consists of three analyses. First, the feasibility of mapping specific corticostriatal circuits with fcMRI was explored by examining the correlations between the motor cortex and the striatum, for which there are strong predictions from monkey tract-tracing studies.
Having observed that fcMRI can reveal motor-related topographical properties of the striatum, we next comprehensively mapped the functional connectivity between the striatum and the entire cerebral cortex. This was done by assigning each striatal voxel to its most strongly correlated cortical network in 500 subjects (discovery sample) and replicating the topography in an independent sample of 500 subjects (replication sample). The cortical networks were defined by a clustering method developed in our companion paper ) that parcellates the cerebral cortex into networks of regions that have similar profiles of corticocortical functional connectivity. After the reliability of the maps was demonstrated, all 1,000 subjects were used to provide a best estimate of the striatal topography based on coarse (7-network) and fine (17-network) parcellations of the cerebral cortex.
In the third analysis, we explored striatal networks in greater detail. We assessed the parcellations, using a quantitative analysis of corticostriatal specificity and qualitative comparisons of how well seedbased cortical fcMRI maps agreed with monkey anatomical studies. We compared the human functional connectivity estimates to monkey anatomical cases located across the motor, association, and limbic networks. We also compared cases within the same association networks. Finally, we examined subdivisions of the association networks in the 17-network parcellation of the striatum in greater detail to explore finer distinctions suggested by the functional connectivity analysis. For all analyses, seed regions were identified in the discovery sample or an outside source such as an fMRI task, and functional connectivity was quantified in the independent replication sample to avoid bias.
Participants
One thousand paid participants ages 18 -35 yr were clinically normal, English-speaking young adults with normal or corrected-tonormal vision. The subjects are the same individuals as reported in Yeo et al. (2011) and Buckner et al. (2011) . Subjects were excluded if their slice-based fMRI signal-to-noise ratio (SNR) was low (Ͻ100; Van Dijk et al. 2012) , artifacts were detected in the MR data, their self-reported health information indicated a history of neurological or psychiatric illness, or they were taking psychoactive medications. The subjects were imaged during eyes-open rest and divided into two samples (each n ϭ 500) matched for age and sex: discovery (mean age ϭ 21.3 yr, 42.6% male) and replication (mean age ϭ 21.3 yr, 42.8% male) samples. Participants provided written informed consent in accordance with protocols reviewed and approved by institutional review boards of Harvard University or Partners Healthcare.
MRI Data Acquisition
All data were collected on matched 3T Tim Trio scanners (Siemens, Erlangen, Germany) with the vendor-supplied 12-channel phased-array head coil. The functional imaging data were acquired with a gradientecho echo-planar imaging (EPI) sequence sensitive to blood oxygenation level-dependent (BOLD) contrast (Kwong et al. 1992; Ogawa et al. 1992) . Whole brain coverage was achieved with 47 3-mm slices aligned to the anterior commissure-posterior commissure (AC-PC) plane with automated alignment (van der Kouwe et al. 2005) . Structural data included a high-resolution multiecho T1-weighted magnetization-prepared gradient-echo image (multiecho MP-RAGE; van der Kouwe et al. 2008) . Functional imaging parameters were TR ϭ 3,000 ms, TE ϭ 30 ms, flip angle ϭ 85°, 3 ϫ 3 ϫ 3-mm voxels, FOV ϭ 216, and 47 slices. Structural scan (multiecho MP-RAGE) parameters were TR ϭ 2,200 ms, TI ϭ 1,100 ms, TE ϭ 1.54 ms for image 1 to 7.01 ms for image 4, flip angle ϭ 7°, 1.2 ϫ 1.2 ϫ 1.2-mm voxels, and FOV ϭ 230. During the functional scans, subjects were instructed to stay still, stay awake, and keep their eyes open. Resting-state data acquisition is described in detail in Yeo et al. (2011) .
Functional MRI Data Preprocessing
fMRI data were preprocessed as described in Yeo et al. (2011) . Briefly, the first four volumes of each run were discarded, slice acquisition-dependent time shifts were compensated per volume with SPM2 (Wellcome Department of Cognitive Neurology, London, UK), and head motion was corrected with rigid body translation and rotation with the FMRIB Software Library (FSL; Jenkinson et al. 2002; Smith et al. 2004) . The data underwent further preprocessing specific to functional connectivity analysis, including low-pass temporal filtering, head-motion regression, whole brain signal regression, and ventricular and white matter signal regression (Van Dijk et al. 2010) .
Structural MRI Data Preprocessing and Functional-Structural Data Alignment
Structural data preprocessing and functional-structural data alignment were the same as described in Yeo et al. (2011) and Buckner et al. (2011) . The structural data were processed with automated algorithms provided in the FreeSurfer version 4.5.0 software package (http://surfer.nmr.mgh.harvard.edu), which reconstructed a surface mesh representation of the cortex from each individual subject's structural image and registered each subject to a common spherical coordinate system (Dale et al. 1999; Fischl et al. 1999a Fischl et al. , 1999b Fischl et al. , 2001 Ségonne et al. 2004 Ségonne et al. , 2007 . See Yeo et al. (2011) for details.
The structural and functional images were aligned ( Fig. 1 ; similar to Buckner et al. 2011, Fig. 1, A and B) with boundary-based registration (Greve and Fischl 2009 ) available from the FsFast software package (http://surfer.nmr.mgh.harvard.edu/fswiki/FsFast). The resting-state BOLD fMRI data were then aligned to the common spherical coordinate system via sampling from the middle of the cortical ribbon in a single interpolation step (similar to Buckner et al. 2011, Fig. 1, A-C and E) . Consistent with prior methods Yeo et al. 2011 ), a 6-mm full-width half-maximum (FWHM) smoothing kernel was applied to the fMRI data in the surface space and the data were downsampled to a 4-mm mesh. Examination of the nonsmoothed data revealed noisier but qualitatively similar parcellations as those from the smoothed data.
Hybrid Surface-and Volume-Based Alignment
The cerebral cortex was modeled as a two-dimensional surface to respect its topology and registered to a common spherical coordinate system, as described above. The striatum was modeled as a volume and aligned with a nonlinear volumetric registration algorithm in a process analogous to that done for the cerebellum in Buckner et al. (2011) (see their Fig. 1, B and D) . For each subject, the structural volume was jointly deformed to a probabilistic template and segmented into one of multiple brain structures (Fischl et al. 2002 see Buckner et al. 2011 for more details). The resulting deformation field, together with the correspondence between the structural-functional data alignment discussed above, was used to transform the subject's fMRI data into the common FreeSurfer nonlinear volumetric space. The normalized volumetric fMRI data within the striatum (defined with a FreeSurfer template mask of the striatum; we note that the tail of the caudate is not included in this mask) were smoothed with a 6-mm FWHM smoothing kernel. The use of this nonlinear deformation resulted in improved intersubject anatomical alignment (Fig. 2) compared with a linear transformation. The normalized FreeSurfer nonlinear volumetric data were transformed into FSL Montreal Neurological Institute (MNI) space (similar to Buckner et al. 2011, Fig. 1, D and E) with the spatial correspondence established by running the FSL MNI152 template (Fonov et al. 2011 ) through the FreeSurfer pipeline.
Quality Control
Registered functional and structural data were visually inspected for proper registration. Figure 1 shows good correspondence between the T1 and T2* registration within the native space for three typical subjects (similar to Buckner et al. 2011, Fig. 1, A and B) . Intersubject volumetric registration was also inspected for proper alignment of the striatum across subjects (similar to Buckner et al. 2011, Fig. 1, B and D) . Figure 2 illustrates this with normalized T1 images for three typical subjects.
Mapping Between Surface-and Volume-Based Coordinates and Visualization
Spatial correspondence between the FreeSurfer surface and volumetric coordinate systems was established by averaging over 1,000 subjects the composition of the transformation from each subject's native space to the FreeSurfer surface space and the transformation from the FreeSurfer nonlinear volumetric space. Using the spatial correspondence between FSL MNI152 space and FreeSurfer nonlinear volumetric space, we were able to estimate MNI atlas coordinates (Evans et al. 1993; Fonov et al. 2011) . All analyses were performed in FreeSurfer surface and volumetric spaces and displayed in MNI atlas space for the volume and the left and right inflated PALS cortical surfaces using Caret software (Van Essen 2005) for the surface.
Regression of Adjacent Cerebral Cortex Signal When Analyzing the Striatum
The physical proximity of the striatum to the insula and orbital frontal cortices resulted in the blurring of fMRI signal at the corticalstriatal boundary, particularly between the putamen and insula. To eliminate the cortical signal, we regressed out the mean signal of the cortical voxels that were within 4.0 (8 mm) or 4.5 (9 mm) voxels from the left or right putamen, respectively (see Buckner et al. 2011 for use of this general approach for the cerebellum). The distances were asymmetric to allow for approximately equal numbers of left and right cortical voxels to contribute to the regression. The regression took place on the individual subject level: the fMRI signals within the left and right cortical regression masks were averaged and regressed out from the smoothed fMRI data within the striatum.
Signal-to-Noise Ratio Maps
Temporal SNR of the motion-corrected fMRI time series was computed for each voxel in the subject's native volumetric space by averaging the signal intensity across the whole run and dividing it by the standard deviation over time. The SNR was averaged across runs within subject when multiple runs were available. The SNR was then averaged across the 1,000 subjects from the core data set and displayed in the volume to visualize the SNR of the striatum (Fig. 3) . SNR was good throughout most of the striatum; signal dropout occurred primarily in and around the ventral striatum/nucleus accumbens. Another issue to keep in mind is that there may be insufficient power to accurately characterize striatal regions that are coupled to cerebral regions with low SNR, such as the orbital frontal cortex (see Fig. 3 of Yeo et al. 2011) .
Striatum Parcellation and Confidence Maps
Unlike the cerebellum, which has relatively specific functional connectivity correlations to cerebral networks, the striatum has less specific correlations that in some places spill across cortical network boundaries (see Fig. 11 for illustration), which may be due to the higher impact of signal blurring on the structurally smaller striatum. For this reason, using the method employed for the cerebellum parcellation ) leads to striatal voxel assignments that, upon examining the underlying functional connectivity, do not reflect the strongest correlations of that voxel. For example, voxels in the ventral putamen (y ϭ Ϫ7) were assigned to the default network because of extensive low-level correlations to regions of the default network, even though the strongest correlations resided in the motor network. To create parcellations representing the most strongly correlated network, we chose an alternative method of parcellation for the striatum. For each striatal voxel, the top 25 most correlated cortical vertices were selected and the network with the most vertices belonging to it became the assigned network for the striatal voxel. For example, within the top 25 cortical vertices for a striatal voxel, if 13 resided in one network and 12 in another, that striatal voxel would be assigned to the first network; 25 was selected as the number of top cortical vertices to use because this led to parcellations that most accurately reflected the strongest underlying correlations. This approach mostly affected the ventral putamen at around y ϭ Ϫ7, with a portion of the striatal voxels switching from default (red) to motor (blue) assignment. Since striatal voxels varied on how well they belonged to their assigned networks, a confidence map was calculated in which the fraction of the top 25 correlated cortical vertices belonging to the assigned network was computed for each striatal voxel (e.g., in the above example of a striatal voxel with 13 vertices in the Fig. 1 . Examples of within-subject surface and volume extraction. Examples of the extracted cerebral cortex surface and striatal boundaries are shown for 3 typical subjects within their native space. The red line delineates the estimated boundary of the cerebral cortical surface between the gray and white matter. The green line shows the estimated edge of the striatum tailored to each individual subject's T1-weighted image. The green line is superimposed on the T2* images to illustrate deviations in the blood oxygenation level-dependent (BOLD) data. Imperfections are apparent in the BOLD data, particularly in the ventral striatum, which lies near to the signal dropout region of the orbital frontal cortex.
first-choice network and 12 vertices in the second-choice network, the confidence value ϭ 13/25 ϭ 0.52).
Seed Region Correlation Estimates Between the Striatum and Cerebrum
Striatal fcMRI maps for specific cerebral seed regions were obtained by computing the Pearson's product-moment correlation between the surface region's preprocessed resting fMRI time course and the time courses of striatal voxels. Each cerebral seed region included a single surface vertex (ϳ4 ϫ 4 mm) but should be considered spatially more extensive because of spatial smoothing. Conversely, a correlation map from each striatal seed region was obtained by computing the correlation between the voxel's time course and the time courses of all vertices on the cerebral cortical surface. Striatal seed regions were restricted to a single voxel (2 ϫ 2 ϫ 2 mm) and affected by spatial smoothing. To obtain group-averaged correlation z maps, the correlation maps of individual subjects were converted to individual subject z maps with Fisher's r-to-z transformation and then averaged across all subjects in the group. Fisher's r-to-z transformation increases normality of the distribution of correlations in the sample. For subjects with multiple runs, the individual subject z maps were first averaged within the subject before submitting to the group average. An inverse Fisher's r-to-z transformation was then applied to the group-averaged correlation z map, yielding a group-averaged correlation map.
Selecting Regions for Functional Connectivity Analysis
The striatal fcMRI maps of the foot and tongue representations (see Fig. 4B ) were created with cerebral seed regions corresponding to the foot and tongue representations in the motor cortex based on an fMRI motor task as described by Buckner et al. (2011) . The foot and tongue single voxel striatal seed regions (Fig. 4B) were chosen from these maps from regions that had strong and minimally overlapping foot and tongue correlations. These seed regions were used to create cortical fcMRI maps from the foot and tongue representations in the striatum (Fig. 4C ). Seed region coordinates are reported in Table 1 .
The striatal fcMRI maps of the SMA and motor hand representations (see Fig. 5B ) were created with cerebral seed regions corresponding to the SMA and the hand representation in the motor cortex based on an fMRI motor task from Buckner et al. (2011) . The hand region of the motor cortex was chosen to approximately match the monkey anatomical cases shown (Fig. 5A ), in which injections were made in the forelimb regions of the ipsilateral primary motor cortex and SMA of the monkey. The selection of the SMA seed region was guided by the probabilistic histological map of BA6 created from 10 human subjects Geyer 2004 ). The seed region was selected to be posterior to the anterior commissure, which is suggested by Picard and Strick (1996) to be a rough anatomical boundary line between the pre-SMA and SMA. Single voxel striatal seed regions ( Fig. 5B) were selected within the striatal fcMRI maps derived from the cerebral SMA and the motor hand seed regions and used to create cortical fcMRI maps (Fig. 5C ).
In Fig. 10 , seed region A in the motor zone (blue) was the same as the striatal tongue seed region used in Fig. 4 . Seed region B was selected to be in a relatively high-confidence region of the default network zone (red) of the posterior ventral striatum.
The striatal seed regions in Fig. 11 are representative of their respective networks and selected from high-confidence regions ( Table 2 ). The cerebral seed regions in Fig. 12 were selected to consist of multiple seed regions each from the default (red), frontoparietal control (orange), ventral attention (violet), and dorsal attention (green) networks, with two or three anterior (frontal) and one or two posterior seed regions, as well as one seed region from the limbic network (cream; Table 2 ). The cerebral seed regions in Fig. 18 (see Table 4 ) were placed in distributed regions of the association networks of the 17-network parcellation labeled in red and yellow. Seed regions from Yeo et al. (2011) were used for aMTϩ, IPS3 m , PFC la , PFC da , PFC dp , PCC, PFC m , PFC mp , PFC v , PGa, PrC v , and FEF. The remaining seed Examples of between-subject striatal alignment. Volumetric images are shown for the registered structural data from 3 typical subjects. The green line represents the striatal edge estimated from the group structural template and is superimposed identically across the subjects to illustrate each individual's registration to the group template. Each subject's striatum is well registered in relation to the template. Close examination reveals subtle differences between subjects reflecting alignment errors on the order of a few millimeters.
regions were selected to cover other key cerebral regions. PF v , PGa v , PGc, PGp dp , PrCO, and 6 am were labeled based on probabilistic histological maps of nearby areas (Caspers et al. 2006; Fischl et al. 2008; Geyer 2004) . Seed region subgenual cingulate area 25 (scg25), which lies in the limbic (cream-colored) cortical network, was based on the peak scg25 coordinate from a GingerALE meta-analysis of fMRI studies (Fitzgerald et al. 2008 ) reporting the responses of depressed patients to positive stimuli, such as happy faces. Coordinates reported in the Talairach and Tournoux (1988) coordinate system (2.62, 15.17, Ϫ3.42) were flipped to the left hemisphere and converted to MNI152 space (Ϫ2. 65, 15.8, Ϫ3.16; Brett 1999) . The closest MNI coordinates completely within our cortical brain mask were used (Ϫ3, 16, Ϫ7). Coordinates represent x, y, z in the atlas space of the Montreal Neurological Institute (MNI). Motor task fMRI together with probabilistic histological maps of areas 2 and 4 Geyer et al. 1996; Grefkes et al. 2001 ) were used to identify foot, hand, and tongue regions of the motor cortex (M1 F , M1 H , M1 T ) in the left hemisphere. A probabilistic histological map of area 6 (Geyer 2004 ) and a comparison of monkey and human motor tasks (Picard and Strick 1996) were used to identify the supplementary motor area (SMA) in the left hemisphere. All striatal seed regions were selected in regions with strong and specific correlations from their respective cortical functional connectivity maps. The ventral striatum seed region was placed in a relatively highconfidence region of the default network zone in the posterior ventral striatum. Left hemisphere cerebral cortical seed regions were obtained from Yeo et al. (2011) except for precentral operculum (PrCO), anterior medial BA6 (6 am ), ventral area PF (PFv), and central area PG (PGc), which were selected from the discovery data set to cover remaining key cortical regions and named based on probabilistic histological maps of nearby areas (Caspers et al. 2006; Geyer 2004 ) and scg25, which was based on a metaanalysis of fMRI studies (see METHODS) . Striatal seed regions were selected from the frontoparietal control, default, and limbic networks based on the discovery data set, with the confidence map as a guide.
The comparisons in Figs. 15-17 were selected as regions for which an approximate comparison could be made between monkey anatomical projections and human functional connectivity. Each region had at least two agreeing monkey tract-tracing cases from independent laboratories (Table 3) . Our procedure for selecting regions is imperfect because of difficulties in assessing homologies and defining specific areal boundaries, especially in association cortex. Nonetheless, comparisons allowed us to make a qualitative assessment of whether broad organizational properties of the striatum in the monkey parallel those observed in the human.
In Fig. 15 , the motor and SMA anatomical tracing estimates were from injections in the forelimb regions of the monkey motor cortex (Liles and Updyke 1985, Case Rhesus Monkey) and SMA (Inase et al. 1999, Case San) . The corresponding human motor hand and SMA seed regions were the same as those used in Fig. 5 . The PFC lp anatomical tracing estimate was from an injection in the dorsal bank of the principal sulcus (Yeterian and Pandya 1991, Case 6) . The corresponding human PFC lp seed region (from Yeo et al. 2011 ) was located in the middle frontal gyrus and placed centrally to minimize the possibility of being in areas 10 or 8 (Petrides and Pandya 1999) . The PFC md anatomical tracing estimate was from area 32 (Ferry et al. 2000, Case OM35) . The corresponding human PFC md seed region was placed at or near area 32, just anterior to the genu of the cingulate gyrus. The exact homology of these human and monkey area 32 regions is uncertain because of the expansion of the medial prefrontal cortex in the human and a putative anterior-posterior shift of macaque area 32 (Öngür et al. 2003 ; see also Buckner et al. 2008 ). This approximation may be sufficient at our resolution as the region just rostral to the anterior cingulate as well as the zone encompassing a portion of the subgenual anterior cingulate fall within the same functional connectivity network ). The scg25 anatomical tracing estimate was from an injection in area 25 (Haber et al. 2006) . The corresponding human seed region was the same as the one described in the previous paragraph for seed region scg25.
In Fig. 16 , seed regions were placed in distributed regions of a single association network, the frontoparietal control network (orange): PFC lp , PGa, and PFC mp (from Yeo et al. 2011) . The anatomical tracings were from Selemon and Goldman-Rakic (1985) : areas 9 and 10 (Case 1), area 7 (Case 11), and area 9 medial (Case 5), respectively. In Fig. 17 , the STS anatomical tracing estimate was from an injection in area 22 (Selemon and Goldman-Rakic 1985, Case 12) on the anterior superior temporal gyrus. Because the extent of the expansion of the superior temporal pole in humans is unknown, the corresponding human STS seed region (from Yeo et al. 2011) was These cortical regions were selected for having a suspected homology between monkey and human and having at least 2 replicated monkey tract-tracing injection cases from independent laboratories. Human seed region coordinates were selected with a variety of methods, including human histological probability maps and human motor fMRI tasks. Cases listed in bold type were adapted with permission for use in Figs. 4 placed in the middle portion of the superior temporal sulcus that showed a similar pattern in the functional connectivity to the anatomy. The PGc injection was made in area 7a of the monkey (Cavada and Goldman-Rakic 1991, Case 2) . The corresponding human seed region was placed in the inferior parietal lobule below the intraparietal sulcus, which is more likely to correspond to monkey area 7a or Opt. The PCC and PFC md injections were in area 23/PCC (Baleydier and Mauguiere 1980 , Case 1) and area 32 (Yeterian and Pandya 1991, Case 2), respectively; the corresponding human seed regions were the same as those described for Figs. 12 and 15, respectively. Finally, the frontal pole injection was in area 10o (Ferry et al. 2000, Case OM38) . The human frontal pole seed region (PFC a ) was placed in the medial aspect of estimated area 10p (Öngür et al. 2003) , anterior to the PFC md seed region.
The cortical seed region (Ϫ40, 4, Ϫ2) used to create the fcMRI maps in Fig. 13 was placed in the ventral attention network (violet) portion of the insula in the 7-network parcellation in order to illustrate the cortical signal bleeding into the striatum.
Distribution of Parcellations and Raw Data
A primary result of our analyses is the parcellation of the striatum into networks. The parcellations in FreeSurfer space are available (http://www.freesurfer.net/fswiki/StriatumParcellation_Choi2012). Movies of the region-based functional connectivity estimates can be downloaded from http://www.youtube.com/choiyeobuckner. The raw fMRI data from the 1,000 subjects in the functional connectivity analysis will be made openly available to researchers using the procedures established by the OASIS data releases (Marcus et al. 2007 (Marcus et al. , 2010 and the 1,000 Functional Connectomes Project (Biswal et al. 2010) .
RESULTS
Functional Connectivity Reveals Somatomotor Topography of the Striatum
Anatomical tract-tracing (Flaherty and Graybiel 1993; Künzle 1975 ) and electrophysiological studies (Alexander and DeLong 1985) have shown that the primary motor cortex projects to the putamen with an inverted topography. Figure 4A shows a representative tract-tracing case (Flaherty and Graybiel 1993) of the foot and tongue in the monkey putamen. The same inverted topography was seen in the human striatum with an fMRI motor task conducted in our companion paper Fig. 4B) , in which subjects moved their feet or tongues. Functional connectivity revealed the inverted motor topography ( Fig. 4B ; discovery sample). fcMRI maps of seed regions placed in the striatal foot and tongue representations (Table 1) show that cerebral correlations are specific to their respective motor cortex representations ( Fig. 4C ; replication sample). These results demonstrate that functional connectivity identifies the expected inverted somatomotor topography in the striatum. Figure 5A shows a representative case of a double injection in the hand regions of the ipsilateral primary motor cortex (M1) and SMA in one monkey (Takada et al. 1998a ). The tracing shows that the SMA preferentially projects medially and the primary motor cortex projects laterally to one another in the monkey putamen (for ipsilateral areas). Seed regions in the estimated human homolog of SMA and the hand-specific region of the motor cortex (Table 1 ) correlate preferentially to the medial and lateral putamen, respectively ( Fig. 5B ; discovery sample). Cortical fcMRI maps derived from seed regions in the striatal motor and SMA representations (Table 1) showed preferential correlations to the primary motor cortex and SMA, respectively ( Fig. 5C ; replication sample). The SMA correlations, however, were not specific, possibly because of signal bleeding between the putamen and the adjacent cortex, which we discuss further below. . Functional connectivity reveals the inverted somatomotor topography within the posterior putamen that is comparable to monkey anatomy and taskevoked estimates. A: a representative case of the inverted somatomotor topography in the monkey putamen revealed by tracer injections in the foot (green) or tongue (blue) representation of the primary motor cortex. Adapted from Flaherty and Graybiel (1993) with permission (see Table 3 under Motor foot). B: coronal sections (left, y ϭ Ϫ8) and left sagittal sections (right, x ϭ Ϫ28) display the inverted somatomotor topography in the task-evoked (top) and functional connectivity (bottom) data. Green color indicates foot representation; blue color indicates tongue representation. The functional connectivity images were produced from the replication sample (n ϭ 500) using seed regions in the foot-and tongue-specific motor cortex representations from the task-evoked data. C: functional connectivity from the foot-and tongue-specific representations in the putamen (seed regions shown in B, bottom) show specific correlations with the foot and tongue regions of the motor cortex. A threshold of 0.4 was used for the task data, z(r) Ͼ 0.035 for the motor foot and z(r) Ͼ 0.045 for the motor tongue striatal functional connectivity MRI (fcMRI) data, and z(r) Ͼ 0.09 for the cortical fcMRI data. Seed region coordinates are reported in Table 1 . Monkey corticostriatal projection tracings shown here and in subsequent figures were redrawn for conformity. Original tracings showed terminal labeling; redrawings included both dense and diffuse projections. Original tracings of the right striatum were flipped in the redrawings for conformity.
Functional Connectivity Reveals Lateral-Medial Division of Primary Motor and Supplementary Motor Cortices in the Striatum
Functional Connectivity Reveals a Complete Functional Map of the Striatum
The reasonable agreement between the monkey anatomical studies and functional connectivity for motor cortex suggested that functional connectivity could be used to map the striatum comprehensively. Our mapping strategy entailed assigning each striatal voxel to its most strongly correlated cortical network (see METHODS) in the 7-and 17-network cortical parcellations, as identified by Yeo et al. (2011) . Figure 6 shows the high degree of reliability (7-network: 90.2%, 17-network: 87.1% overlapping voxels) of this method in two independent sets of 500 subjects (discovery and replication) for both parcellations. Disagreement between the discovery and replication samples tended to be between neighboring networks, especially within association cortex [e.g., 81.1% of the voxel disagreements for regions falling within the default network (red) in the discovery sample were classified to the frontoparietal control network (orange) in the replication sample]. Figures 7 and 8 display best estimates of the 7-and 17-network parcellations using all 1,000 subjects. Figure 9 shows the confidence estimates of the parcellations.
Several observations emerged from these parcellations. First, the 7-network striatal parcellation (Fig. 7) showed that five of the seven networks are strongly represented in the striatum: motor (blue), ventral attention (violet), frontoparietal control (orange), default (red), and limbic (cream) networks. There was a small representation of the dorsal attention (green) network in the right posterior ventral putamen and virtually no representation of the visual (purple) network. The 17-network parcellation (Fig. 8 ) appeared to be a fractionation of the 7-network parcellation with a similar pattern but with finer-grain information about functional divisions within a network. One notable exception to this is the pink network at around y ϭ 12, which is a region susceptible to cortical signal bleeding as we discuss below.
Second, the assignments of the motor (blue) network and the ventral attention (violet) network, which includes premotor areas, in the 7-network parcellation agreed with the cerebral cortex fcMRI analyses shown in Figs. 4 and 5. The posterior putamen was assigned to the motor network laterally and the ventral attention network medially. Furthermore, the motor representation in both the motor cortex and striatum fractionated into dorsal foot (blue) and ventral tongue (aqua) parcellations in the 17-network model, consistent with the inverted somatotopy seen in monkey anatomy. These results suggest that the parcellation method recovers the topographic arrangements of motor subdivisions.
Third, the parcellations broadly agree with prior models of the striatum that propose gradients of connectivity. The 7-network parcellation shows that corticostriatal circuits, in particular the association circuits, couple to zones of the striatum that extend along its longitudinal extent, consistent with anatomical studies (Selemon and Goldman-Rakic 1985; Yeterian and Van Hoesen 1978) . There is also a dorsolateral to ventromedial organization (Haber et al. 1994; Parent 1990; Parent and Hazrati 1995) . We expand on these organizational properties in DISCUSSION. Fourth, the parcellation parallels monkey anatomical projections in the posterior ventral striatum. In addition to projections to the ventral putamen from the tongue region of the motor cortex, monkey anatomy reveals projections to the posteriormost portion of the ventral striatum from association and limbic cortices [there are also projections from subcortical structures, such as the amygdala (Fudge et al. 2002 (Fudge et al. , 2004 Russchen et al. 1985) , but we will not address them here]. Figure 10 shows the 7-network parcellation of the posterior ventral striatum and the corresponding fcMRI maps, showing that the posterior ventral striatum is functionally coupled to the motor and, further ventrally, association cortical networks.
Quantitative Measurement of Association and Limbic Corticostriatal Circuits Demonstrates Specificity
The previous analyses illustrated that the functional connectivity of the motor cortex and SMA within the striatum is . Functional connectivity reveals the lateral-medial topography of the primary motor and supplementary motor cortices within the putamen that is comparable to monkey anatomy. A: a representative case of the lateral-medial topography of the primary motor cortex and supplementary motor area (SMA) in the monkey putamen revealed by tracer injections in the motor (blue) and SMA (purple) forelimb representations. Adapted from Takada et al. (1998a) with permission (see Table 3 under SMA). B: a coronal section (y ϭ Ϫ8) displays the lateral-medial topography in the functional connectivity data produced from the replication sample (n ϭ 500) using seed regions of the task-evoked motor hand representation and the estimated human SMA homolog. Thresholds of z(r) Ͼ 0.04 and 0.09 were applied for the motor hand and estimated SMA striatal fcMRI maps, respectively. C: functional connectivity maps from the motor-and SMA-specific striatal seed regions (regions shown in B) illustrate their preferential correlations with primary motor cortex and SMA. A threshold of z(r) Ͼ 0.07 was applied. Seed region coordinates are reported in Table 1 . Note that there is also correlation with insular regions that fall near to the striatum. We suspect that these are residual artifacts of limited resolution that are not fully handled by our methods (see text).
correctly localized in the 7-and 17-network striatal parcellations. We next sought to determine how well the parcellations captured seed-based functional connectivity estimates. Figure 11 shows the cortical fcMRI maps (replication sample) resulting from seed regions placed in high-confidence regions of the frontoparietal control, default, and limbic divisions of the 7-network striatal parcellation (discovery sample; Table 2 ). These fcMRI maps revealed distinct correlation maps that largely agreed with the parcellation. For example, a region located in the central caudate head (region A) was correlated to cortical regions in 17 Networks 7 Networks Fig. 6 . Reliability of human striatal maps based on functional connectivity. Each voxel in the striatum is assigned a color corresponding to its most strongly correlated cerebral network according to the legends below of the 7 (left)-and 17 (right)-network cortical parcellations (from Yeo et al. 2011 ). The 7-and 17-network parcellations were each produced in the discovery sample (n ϭ 500) and replicated in the replication sample (n ϭ 500). For example, the blue regions of the striatum include those voxels that are more strongly correlated with the blue cerebral network (involving somatosensory and motor cortices) than any other network. Note that the discovery and replication maps are highly similar (voxel overlap was 90.2% and 87.1% for the 7-and 17-network estimates, respectively). Fig. 7 . A map of the human striatum based on functional connectivity to 7 major networks in the cerebrum. Each voxel in the striatum is assigned a color corresponding to its most strongly correlated cerebral network in the 7-network cortical parcellation shown at bottom (from Yeo et al. 2011 ). The full sample of 1,000 subjects was used to create a best estimate of the map. The sections display coronal (left), sagittal (center), and transverse (right) images. A, anterior; P, posterior; M, medial; L, lateral; S, superior; I, inferior. The slice coordinate in the MNI atlas space is located at the bottom right of each panel. Fig. 7 but in this instance in relation to a finer cerebral parcellation involving 17 networks (from Yeo et al. 2011) . These data are from the full sample of 1,000 subjects. Note that this method identifies the correct locations of the foot (blue) and tongue (aqua) regions in the posterior putamen. As discussed in the text, some features of the parcellation are uncertain, as illustrated by the asterisk in the putamen (labeled as the pink network).
the frontoparietal control network, including the dorsolateral prefrontal cortex and the inferior parietal lobule (Fig. 11A) . In contrast, a more ventral region (region B) was correlated to cortical regions linked to the default network, including the posterior cingulate cortex and medial prefrontal cortex (Fig.  11B ). We note, however, that the cortical correlations did not always fall neatly within their assigned cortical networks: the correlations in some locations spilled across boundaries into neighboring networks or did not cover the entire assigned network. The latter patterns may be due to the resolution limitations or the presence of subnetworks, as we will explore later.
To quantitatively characterize the specificity of these corticostriatal coupling patterns, we computed the correlations of the three striatal seed regions with cortical seed regions distributed throughout the cerebral cortex ( Table 2 ). The results, plotted in polar form (Fig. 12) , revealed three distinct functional connectivity patterns in which striatal seed regions were preferentially correlated to the cortical seed regions of their respective networks.
Cortical Signal Bleeding
Because of the proximity of the insula to the striatum, we suspected that there might be bleeding of cortical signal into the striatum. Signal bleeding has previously been observed between proximal structures, such as the visual cortex and the cerebellum ) and the sensorimotor and auditory cortices ). In the former case, regressing out the visual cortex signal from the cerebellum revealed correlations to the motor cortex, as predicted by monkey anatomical tract-tracing studies ). In the striatum, prior to regressing out the cortical signal, the majority of the putamen was assigned to the ventral attention network (violet) located adjacently in the insula (Fig. 13, A and E) . This is most likely due to the strong correlations between the insula and the putamen as shown by an fcMRI map of a seed region in the ventral attention network of the insula (Fig. 13 , B and F; see METHODS for seed region coordinate). To correct for the signal bleeding, we regressed out the cortical signal within 8 or 9 mm of the striatum (see METHODS). This regression removed most of the correlations in the posterior putamen (Fig. 13D) , leading to the assignment of the posterior putamen to the motor network (Fig. 13C) , as predicted by monkey anatomy. In the anterior putamen, regressing out the proximal cortical signal reduced these correlations (Fig. 13H ) and revealed the assignment of the central and ventral anterior putamen to the frontoparietal control and default networks (Fig. 13G) , which also agrees with monkey anatomical tract-tracing studies (see .
We also examined an alternative regression method (Fig. 14) that removed the signal from only the neighboring cortical voxels (within 9 mm) of each striatal voxel, thus regressing out a unique signal for each striatal voxel. This revealed a parcellation ( Fig. 14B ) with slight shifts in network boundaries in these regions of uncertainty, but largely qualitatively similar to the first regression model (Fig. 14A) .
These regression methods revealed that the putamen is susceptible to signal bleeding from the adjacent cerebral cortex. In contrast, the network assignments in the caudate remain qualitatively unchanged between the no-regression and regression methods. We are therefore least confident of the results in the putamen and will focus on the more certain caudate results in the remainder of this report.
Functional Connectivity of the Striatum in Relation to Monkey Anatomic Connectivity with Association Cortex
Since the association and limbic networks include cerebral regions that are expanded in humans relative to monkeys (Hill et al. 2010; Van Essen and Dierker 2007) , it is difficult to be certain about homologies. There are nonetheless several cases of replicated anatomical projection patterns (at least 2 corroborating injection patterns from 2 independent laboratories) with suspected human homologies (Table 3 ). Figure 15 shows comparisons for three association and limbic regions, as well as two motor regions as reference. Figure 15A shows the seed regions in the dorsolateral prefrontal cortex (PFC lp ), medial prefrontal cortex (PFC md ), and scg25, as well as the motor hand cortex (M1 H ) and the SMA from Fig. 5 . Figure 15B shows representative injection cases from approximately homologous regions in the monkey, while Fig. 15C shows human functional connectivity patterns in the replication sample.
The monkey dorsolateral prefrontal cortex injection (PFC lp ) was in the dorsal bank of the principal sulcus and shows a central band of connectivity across the putamen and caudate (Fig. 15, B, 3rd column) . The corroborating independent observation of this injection pattern is shown in Fig. 16B (1st  column) . This pattern of connectivity in the central band of the putamen and caudate is seen in the corresponding striatal fcMRI map of the dorsolateral prefrontal cortex in the human as well as in the 7-network parcellation, which assigns this region to the frontoparietal control (orange) network. The anatomy for the PFC md , from an injection of area 32, shows a dorsoventral pattern of connectivity that is particularly strong in the medial edge of the caudate (Fig. 15B, 4th column) . The corroborating independent observation of this medial caudate pattern is seen in the anatomical tracing for PFC md in Fig. 17B  (4th column) . The functional connectivity of the estimated human homolog shows a similar dorsoventral pattern covering the ventral caudate and the dorsal edge of the medial caudate assigned to the default network (red) in the 7-network parcellation. Finally, both the anatomy arising from an area 25 injection in the monkey and the functional connectivity for scg25 showed a pattern covering the nucleus accumbens (Fig.  15B, 5th column) , which is assigned to the limbic (cream) network in the 7-network parcellation. These selected cases suggest that functional connectivity is capable of identifying association and limbic, as well as motor-related, corticostriatal circuits. . Evidence for preferential patterns of corticostriatal functional connectivity involving association and limbic networks. Left hemisphere cortical functional connectivity maps derived from the replication sample (n ϭ 500) are shown for seed regions placed in high-confidence regions of the striatum from the discovery sample (n ϭ 500) for the frontoparietal control (A), default (B), and limbic (C) networks. Seed regions are shown in the center image (Table 2 ). Separate regions of the striatum are correlated with distinct cerebral networks underlying cognitive and limbic function.
Functional Connectivity of Association Cortex in Relation to Monkey Anatomy
Previous studies have suggested that anatomically connected cortical areas may project to similar regions of the striatum (Yeterian and Van Hoesen 1978) , with complex patterns of overlap and interdigitation (Selemon and Goldman-Rakic 1985) . In Figs. 16 and 17, we explored the possible convergence of correlation patterns within the striatum. In Fig. 16 we examined three distributed cortical regions (Fig. 16A ) that fell within the frontoparietal control network (orange): PFC lp , PGa, and PFC mp (Table 3 ). The fcMRI maps of these three cortical regions showed correlations in the dorsal anterior caudate (Fig.  16C) , suggesting that functionally related cortical regions are associated with similar regions in the striatum. While there are limitations in comparing tracings between monkeys, anatomic cases in the dorsal bank of the principle sulcus, LIP, and area 9m, respectively, all show projections to the dorsal anterior caudate (Fig. 16B) .
In Fig. 17 , we compared five cortical regions within the default network (red): the superior temporal sulcus (STS), PGc, PCC, PFC md , and PFC a ( Fig. 17A; Table 3 ). Injections within putative homologs in the monkey showed a pattern covering the medial edge of the caudate in the anterior half of the striatum for the STS, PFC md , and PFC a (Fig. 17B) , a pattern that was also seen in the functional connectivity in the human (Fig. 17C) . Of note, the STS is a region of expansion between the human and the monkey (Hill et al. 2010) , which may explain why the region of the human temporal lobe that shows the medial caudate pattern of connectivity does not extend to the anterior portion of the superior temporal pole, as in the monkey. The functional connectivity maps of the PGc and PCC also showed a medial caudate pattern, but unlike the other regions, the corresponding monkey injection pattern covered only the dorsomedial edge of the caudate. These anatomical patterns were also seen by Yeterian and Pandya (1993) for the PGc and by Powell (1978) for the PCC (see Table 3 ). We do not understand yet the reasons for this discrepancy. Overall, from these limited cases, these observations support the idea that distributed regions of a functional cortical network are associated with similar regions in the striatum.
The Striatum Is Further Divided According to Correlations with More Specific Distributed Cortical Networks
Beyond what can be gleaned from monkey-human comparisons, a detailed analysis of the human striatum reveals a complex organization that may reflect the presence of multiple large-scale circuits. This feature is best illustrated by examining the 17-network parcellation, which generally appears to be a fractionation of the coarser 7-network striatal parcellation. For example, the default network (red) of the 7-network parcellation fractionates into two association networks in the 17-network parcellation. To determine the specificity of this coupling (labeled as red and yellow), we placed seed regions in distributed cortical regions of the two separate association networks in the 17-network model. These consisted of seed regions in the lateral and medial frontal cortex, the PCC, and the parietal cortex ( Fig. 18; Table 4 ). Functional connectivity maps of these seed regions from the replication sample re- vealed that the cortical regions in the first association network (red) were preferentially correlated to the dorsal caudate (Fig.  18A) , while the cortical regions in the second association network (yellow) were preferentially correlated to the ventral caudate (Fig. 18B) . The specificity of these correlations suggests that subnetworks (e.g., the red and yellow association networks of the 17-network cortical parcellation) might form distinct circuits with the striatum.
DISCUSSION
This study characterized the functional organization of the human striatum based on intrinsic functional connectivity to the cerebral cortex. We confirmed the motor zones of the posterior putamen and observed the inverted somatomotor topography in agreement with monkey anatomy. Our results also agree with prior models that divide the striatum into broad functional territories of reward, cognition, and motor function. With the use of detailed analyses of cerebral networks provided by our companion paper ), we constructed a fine-grained functional map of the complete striatum. Results revealed that the majority of the human striatum's subdivisions are linked to cerebral networks involving distributed regions of association cortex. While gradients dividing striatal zones among reward, cognitive, and motor functions are broadly correct, details of striatal organization present a more complex organization that may parallel the complex interdigitation of large-scale association networks in the cerebral cortex and their projections to overlapping zones within the striatum. In the following sections, we discuss these points in greater detail, as well as caveats and limitations of these striatal parcellation maps.
The Striatum Is Coupled to Multiple, Distinct Functional Networks in the Cerebral Cortex
Examination of the full striatal parcellation suggested that the striatum is coupled to multiple functional networks within 
Ϫ8). E-H:
anterior striatum (y ϭ 12). First 2 columns show the 7-network parcellation (A, E) and an fcMRI map of a proximal insula seed region (B, F) with no cortical signal regression from the striatum (see METHODS for seed region coordinate). Third and fourth columns show the 7-network parcellation (C, G) and fcMRI maps of the same seed region (D, H) with regression of cortical signal from the striatum (not applied to cortex). Note how the parcellations are dominated by the network labeled by violet. When regression is applied, a more plausible parcellation results. The contrast between the functional connectivity patterns within the striatum before (e.g., F) and after (e.g., H) regression of adjacent cortical signal illustrates that bleeding of signal from cortex to striatum is mitigated but not fully removed. Signal bleeding minimally affects the major portions of the caudate and ventral striatum. Parcellation estimates within the putamen are less certain.
12
B A * Networks * Fig. 14. Alternative regression method for removing cortical signal from the striatum. The 7-network parcellation results are shown for the anterior striatum (y ϭ 12) using the regression method applied in this paper (A; see METHODS and Fig. 13 ) in which the signal from a unitary cortical mask is regressed from all striatal voxels. An alternative regression method is shown in which for each striatal voxel the signal of neighboring cortical voxels within 9 mm is regressed out (B). Asterisk indicates the region of low confidence similar to Fig. 8 . The full sample of 1,000 subjects was used. the cerebral cortex. At the broadest level, the parcellation is consistent with models of striatal organization based on monkey tract-tracing studies (Haber et al. 1994; Parent 1990 ; see also Fig. 15 ): motor-related subdivisions localized to the posterior putamen (blue in Fig. 7) , a limbic-related subdivision localized to the ventral striatum (cream in Fig. 7) , and an extensive central band of territory spanning the anterior caudate and putamen linked to association cortex (orange and red in Fig. 7) . Tracing studies of the output pathways of the basal ganglia show that they maintain the broad functional segregation of the input pathways to the striatum (Alexander et al. 1986; Middleton and Strick 2002; Strick et al. 1995) . Human DTI studies have illustrated a convergent pattern: a dorsal-toventral gradient of connections in the anterior striatum from the dorsal PFC to the orbital frontal cortex and an anterior-toposterior gradient of association to motor cortical connections in the putamen (Bohanna et al. 2011; Cohen et al. 2008; Draganski et al. 2008; Leh et al. 2007; Lehéricy et al. 2004 ). The present striatal parcellations provide further information with a comprehensive view of the functional architecture of the striatum. For example, the striatal parcellations revealed that the majority of the striatum is dedicated to association cortex (e.g., the frontoparietal control and default network regions). Unlike the motor and ventral attention network zones in the striatum that are localized in the putamen, the striatal association zones span the entire longitudinal extent of the striatum and claim territories in both the caudate and putamen. This may reflect the limited extent of the motor network versus the parallel, distributed association networks that dominate the human cerebral cortex.
Despite the similarity of the parcellations to the monkey anatomy for motor, limbic, and association networks , there were a few discrepancies for the dorsal attention and visual networks in the 7-network parcellation. The dorsal attention network (green) was present in a region in the right posterior ventral putamen (Fig. 7 , coronal slice y ϭ Ϫ18 and axial slice z ϭ Ϫ6). A relaxed striatal mask showed that the posterior caudate was also assigned to the dorsal attention network. These parcellation assignments agree with monkey anatomical projections from the frontal eye field (FEF) and the supplementary eye field (SEF), regions that participate in the dorsal attention network. However, there are also projections from FEF and SEF to the anterior dorsal caudate, often also to the internal capsule and the medial dorsal putamen, which were not seen in the parcellation (Calzavara et al. 2007, Cases 478, 96, and 184; Künzle and Akert 1977, Case 73-228; Parthasarathy et al. 1992, Cases M1, M2, M3, and M5; Stanton et al. 1988, Cases PER, GNA, and TRB; Yeterian and Pandya 1991, Case 9) . Examination of correlations from the dorsal attention network revealed that its absence in the parcellation was in part due to striatal correlations that were weaker than other network correlations and thus did not survive the winner-take-all strategy when creating the parcellation. For example, the fcMRI map of estimated human FEF showed correlations with the Table 3 . C: coronal slices show the corresponding functional connectivity generated from the replication sample (n ϭ 500) using the seed regions depicted in A. Slice atlas coordinates are displayed at bottom right. Note the similarity of the patterns between the anatomy and functional connectivity, as well as their correspondence with the motor (blue), ventral attention (violet), frontoparietal control (orange), default (red), and limbic (cream) parcellations in the 7-network parcellation. Anatomical tract-tracing cases were adapted for conformity as described in Fig. 4 from the following with permission: motor (Liles and Updyke 1985) , SMA (Inase et al. 1999) , PFC lp (Selemon and Goldman-Rakic 1985) , scg25 (Haber et al. 2006) , and PFC md (Ferry et al. 2000) . Original tracings from Ferry et al. (2000; PFC md and Fig. 17 PFCa) showed the density of axonal synaptic boutons. The redrawing for PFC md included only the overlapping circles in the original tracing.
anterior dorsal striatum, which is dominated by correlations from the association networks, but correlations with the posterior ventral putamen were relatively strong enough to be represented in the parcellation. There was also an absence of the visual network (purple) in the 7-network parcellation. A relaxed striatal mask showed a few voxels assigned to the visual network in primarily bilateral posterior ventral putamen, as well as the anterior-most portion of the head of caudate. Examining the underlying fcMRI correlations from striate and extrastriate cortices yielded unexpected results. The fcMRI map of V1 showed weak correlations throughout the striatum, while the maps of extrastriate cortex, including from the estimated human MTϩ complex, showed virtually no correlation in the striatum (except for weak correlations in the posterior putamen from seed regions in V3 and V4). This is in direct contrast to monkey anatomical tract-tracings that detected corticostriatal projections from extrastriate cortex but not V1 (Maunsell and Van Essen 1983; Saint-Cyr et al. 1990; Ungerleider et al. 1984) . The correlations seen from V1 may be due to signal bleeding from correlations in the lateral geniculate nucleus and pulvinar of the thalamus. However, at present, we do not have an explanation for the absence of correlation from extrastriate cortex.
Distinct Striatal Zones Are Preferentially Coupled to Separate Networks Within Association Cortex
To interpret our results for association cortex, we qualitatively compared the human results to the available tract-tracing studies in the monkey (Table 3) . As a heuristic display of correspondence, Fig. 15 shows major zones of the human striatum identified with fcMRI compared with examples from reproduced patterns in the monkey literature. Several of these striatal subdivisions linked to association cortex were explored in detail. One caveat to note is that the striatum is characterized by interdigitated projection zones (Selemon and GoldmanRakic 1985) . At the level of our resolution, this overlap may limit what we can reveal with fcMRI. Nonetheless, several observed patterns suggested that the majority of the human striatum may be linked to distinct large-scale cerebral association networks and further that distinct zones of the striatum are coupled to the distributed regions that comprise each large-scale network.
Central caudate head extending into the medial putamen. One often-observed pattern in the monkey literature arises from tracer injections in the dorsolateral prefrontal cortex. Injections in areas 9 and 46 typically project strongly to the caudate head extending into the medial putamen. The caudate projections continue throughout the body and tail but largely spare the most medial aspects of the caudate (Calzavara et al. 2007; Haber et al. 2006; Selemon and Goldman-Rakic 1985; Yeterian and Pandya 1991) . Figure 15 illustrates that a dorsolateral prefrontal seed region (PFC lp ) couples to a central zone of the human striatum that can be distinguished from the coupling pattern of a medial prefrontal cortex seed region (PFC md ) that covers the medial wall of the caudate. The striatal zone coupled to dorsolateral prefrontal region PFC lp is associated with the frontoparietal control network (orange network in Fig. 7) . The dorsolateral prefrontal cortex has previously been associated with a similar band of territory across the caudate and putamen by DTI (Draganski et al. 2008; Leh et al. 2007; Lehericy et al. 2004 ) and VBM (Cohen et al. 2008) , suggesting that this robust pattern can be observed with multiple techniques.
Of further interest, the striatal zone linked to the frontoparietal control network may receive projections from parietal association cortex. Much like injections of prefrontal areas 9 and 46, injections at or near parietal area 7 include projections through the caudate (Cavada and Goldman-Rakic 1991; Yeterian and Pandya 1993; Yeterian and Van Hoesen 1978) . Figure  16 illustrates that cortical association regions distributed throughout the frontoparietal control network, including parietal association cortex (PG a ), have similar functional coupling patterns in the striatum.
Medial head of the caudate extending along the medial wall. In contrast to the central anterior striatum that couples with the frontoparietal control network ( Fig. 15; PFC lp ) , the medial wall of the anterior caudate shows specific coupling with the medial prefrontal cortex ( Fig. 15 ; PFC md ), a region assigned to the default network in the 7-network parcellation. This pattern was also seen with VBM (Cohen et al. 2008) . As with the frontoparietal control network, distributed cortical seed regions within the default network, including parietal region PGc, each show a coupling pattern that involves the medial head of the Table 3 . C: coronal slices show the corresponding functional connectivity generated from the replication sample (n ϭ 500) using the seed regions depicted in A. Slice atlas coordinates are displayed at bottom right. Note the broad similarity of the patterns both across the regions and between the monkey anatomy and human functional connectivity. Anatomical tract-tracing cases were adapted as described in Fig.  4 from Selemon and Goldman-Rakic (1985) with permission.
caudate, in most cases along the dorsoventral extent of the medial wall (Fig. 17) . Neighboring striatal zones couple to different association networks. In addition to the single-injection case studies presented in Figs. 15-17 illustrating the coupling of striatal zones to distributed cortical networks, several studies have examined differing corticostriatal projection patterns in adjacent striatal zones. Through a series of double-labeling cases, Selemon and Goldman-Rakic (1985) showed that dorsolateral prefrontal cortical projections terminate in the central portion of the caudate head extending into the medial putamen (their Case 16; highly similar to case PFC lp illustrated in the present Fig. 16 ). By contrast, orbital frontal projections terminated along the medial wall in a pattern more similar to those observed for the medial prefrontal injections illustrated in Fig. 17 (PFC md and PFC a ). Thus the medial head of the caudate is linked more with medial and orbital frontal regions than are the central zones of the caudate. All of these projections extend through the anterior-to-posterior axis of the striatum with the medial-to-lateral pattern best visualized in the head of the caudate. Cavada and Goldman-Rakic (1991) further report a telling set of tracing injections that contrast 7a/Opt with 7ip within parietal association cortex. An injection at or near 7a/Opt displayed overlapping but medially located projections to those from 7ip in the dorsal caudate head, paralleling the human parcellation boundary between the default network and the frontoparietal control network. We suspect that the injections of 7a/Opt fall within the monkey homolog of the default network: the posterior portion of 7a that comprises Opt in the monkey is connected to the parahippocampal gyrus and posterior cingulate, and minimally so with distant sensory and motor regions (see, e.g., Andersen et al. 1990 Nonetheless, there is a medial-to-lateral gradient for parietal regions that, like prefrontal cortex, roughly divides the anterior caudate between the estimated anatomy of the default network and frontoparietal control network.
This medial-to-lateral distinction divides the striatum based on large-scale networks that each possess prefrontal and parietal components. Selemon and Goldman-Rakic (1985, their Fig. 15 ) suggested that projections from the posterior parietal cortex and dorsolateral prefrontal cortex are located preferentially in separate regions of the striatum. Despite the apparent discrepancy with our data, it is possible that these two models of organization are consistent if one considers the overlap between the posterior parietal and dorsolateral prefrontal projections (Selemon and Goldman-Rakic 1985, their Fig. 9 ) and the possibility that these injections cover different association networks, each with their distinct striatal projection zones.
Striatal zones distinguish juxtaposed cerebral association networks. The above discussion highlights evidence that distinct large-scale networks of association cortex are coupled to adjacent but distinct zones of the striatum. This principle can be further extended. With the fine-parcellated segmentation of the cerebral cortex as a guide, distributed regions that fall within anatomically adjacent (but functionally distinct) networks were shown to have subtly different coupling patterns in the striatum. Figure 18 displays an example. Two sets of regions are plotted that each fall within a separate distributed large-scale association network. While these two sets of regions show overlapping functional coupling patterns within the striatum, a consistent difference emerges, with one network preferentially coupled to the dorsal medial head of the caudate (Fig. 18A ) and the second network preferentially coupled to the ventral medial head of the caudate (Fig. 18B) . This difference in preferential coupling extends to the juxtaposed parietal regions PGa v and PGp dp . It is also of interest that the regions of the default network most closely associated with limbic structures (PCC, PFC m , and PGp dp ) are linked to striatal zones that fall between the nucleus accumbens and striatal zones Table 3 . B: a representative anatomical tract-tracing case for each region. C: coronal slices show the corresponding functional connectivity generated from the replication sample (n ϭ 500) using the seed regions depicted in A. Slice atlas coordinates are displayed at bottom right. Note the general similarity of the patterns both across the regions and between the monkey anatomy and human functional connectivity. However, several discrepancies are also notable including the differences between PGc and PCC and STS. Anatomical tract-tracing cases were adapted as described in Figs. 4 and 15 from the following with permission: STS (Selemon and Goldman-Rakic 1985) ,linked to the dorsolateral prefrontal cortex (the central caudate head). These findings reinforce the idea that distinct large-scale networks, which comprise the majority of the human cerebral mantle, are coupled to distinct zones of the striatum. Moreover, the widely distributed regions within each cerebral network show similar functional coupling within the striatum.
Basis of Striatal Coupling to Distributed Cerebral Regions
Evidence from studies examining retrograde tracer injections in the striatum anticipates the results we illustrate in the human. Arikuni and Kubota (1986) showed that retrograde injections into the ventromedial caudate of the monkey striatum lead to tracer uptake distributed in the OFC, lateral frontal lobe, and temporal lobe (parietal and medial frontal cortices were not reported). In the cat, Rosell and Gimenez-Amaya (1999) showed that retrograde injections in the dorsal anterior caudate result in labeled neurons in distributed frontal, parietal, and temporal cortices. In a comprehensive set of tracings in the rat, McGeorge and Faull (1989) showed that retrograde injections in the striatum lead to tracer uptake in distributed regions of the neocortex, mesocortex, and allocortex. We show here in humans that functional connectivity from a single striatal seed region produces a distributed pattern of cortical correlations (Fig. 11) . DTI studies have also shown that seed regions of the striatum have distributed connections with the cerebral cortex (Draganski et al. 2008; Leh et al. 2007 ). These combined observations suggest that the striatum is functionally integrated with distributed cortical networks. We cannot, however, observe the microstructural organization and connectivity of these correlations.
Previous studies in the monkey shed insight into the details of convergent projection patterns in the striatum. Yeterian and Van Hoesen (1978) proposed that cortical regions connected to one another share projection zones in the striatum. Selemon and Goldman-Rakic (1985) refined this observation, using double-labeled cases. In their seminal study, they revealed that projections from parietal and frontal cortex only partially overlapped, and when overlap was present an interdigitated pattern emerged, suggesting that projections between prefrontal and parietal regions do not commonly project to the same striatal neurons. The present results cannot resolve this level of anatomic detail, but the consistent and robust functional coupling patterns observed between distributed cortical regions and common striatal zones raises again the possibility that striatal zones may in some way integrate connections from widely distributed cortical regions. Our results provide a clue that may help us understand prior results. As illustrated in Fig.  18 , nearby cerebral regions can participate in distinct cerebral networks and couple to separate striatal zones. The adjacency of these cortical networks and their striatal targets may partially explain the limited overlap observed by Selemon and Goldman-Rakic in their double-labeled cases. Although these injections were confirmed to be in anatomically connected cortical regions, they each tended to cover a large territory that might include multiple areas with diverse connectivity profiles. Thus partial overlap in the striatum may result when the injections into frontal and parietal regions sample distinct combinations of cerebral networks.
Caveats and Limitations
It is important to note that measuring functional connectivity is not the same as measuring anatomic connectivity, thus limiting the conclusions that can be drawn from our work (previously discussed in Buckner et al. 2011; Yeo et al. 2011) . Limitations include the inability to determine the directionality of the connectivity and to interpret our striatal parcellations as rigid representations of anatomic connectivity. It is intriguing how well human striatal functional connectivity corresponds to gross topographic patterns from monkey anatomic tracings. Left hemisphere cerebral cortical seed regions were obtained from Yeo et al. (2011) except for anterior ventral area PG (PGa v ) and the dorsal posterior portion of posterior area PG (PGp dp ), which were selected from the cortical regions in the yellow association network in the 17-network parcellation of the discovery data set. They were named based on probabilistic histological maps of nearby areas (Caspers et al. 2006; Geyer 2004 Fig. 18 . Functional connectivity reveals that interdigitated cerebral association networks couple to nearby but preferentially distinct zones of the striatum. Two association networks that each comprise distributed regions within the cortex (labeled red and yellow) in the 17-network parcellation were selected to examine fine-grained features of corticostriatal organization. Center: 3 seed regions distributed across the brain for each network (Table 4) . Seed regions were obtained from Yeo et al. (2011) except for ventral anterior area PG (PGa v ) and the dorsal posterior portion of posterior area PG (PGp dp ). Functional connectivity was computed with the replication sample (n ϭ 500). A: the functional connectivity of PFC dp , PFC v , and PGa v from the red association network converge on similar zones of dorsal caudate head (shown in coronal slice y ϭ 12). B: by contrast, the functional connectivity of PGp dp , PCC, and PFC m from the yellow association network converge upon similar zones of the ventral caudate head. Note that spatially juxtaposed cerebral regions (e.g., PGa v and PGp dp ) coupled to distinct striatal zones consistent with their belonging to separate large-scale cerebral networks.
Nonetheless, we feel confident that there will be discrepancies and boundary conditions to this correspondence because functional connectivity is constrained but not fully dictated by anatomic connectivity. A major limitation of the present work is resolution, which prevents the observation of striatal microstructure, including the overlap or interdigitation of connections in striosomes and matrisomes. In addition, in a structure with observed interdigitation of projections, our winner-take-all strategy may be misleading in regions with a high heterogeneity of connections. For these reasons, we recommend viewing the parcellations with the aid of the confidence maps, as well as examining the underlying functional connectivity for any particular region of interest. The strength of these parcellation maps is that they give a comprehensive view of the functional territories of the striatum; however, their utility is limited for certain questions.
Resolution also impacted our results in a way that is particularly problematic for the striatum. The striatum is near to the cerebral cortex, in particular the putamen and the insula, resulting in signal bleeding across the cortical-striatal boundary that can be partially, but not entirely, mitigated (Figs. 13 and 14) . We suspect that the pink network assignment in the anterior putamen of the 17-network parcellation (Fig. 8) is a result of signal bleeding from the adjacent insula. For this reason, we are least confident about the details of our parcellations around the dorsal putamen. High-resolution functional imaging (e.g., ϳ1 mm) in individual subjects at high field may circumvent this issue in future studies.
A further limitation of our work is that we only mapped the striatal coupling to the cerebral cortex. There are strong projections to the striatum from subcortical structures, which we have not considered here, such as the amygdala (Fudge et al. 2002 (Fudge et al. , 2004 Russchen et al. 1985) and the cerebellum via the thalamus (Hoshi et al. 2005 ). We refer interested readers to another study examining the functional connectivity of the amygdala to the striatum (Roy et al. 2009 ).
Conclusions
Specific striatal zones are functionally coupled to distinct cerebral networks. As seen by prior studies, the posterior putamen is dedicated to motor function and the nucleus accumbens to limbic function. The remaining majority of the striatum is connected to parallel, distributed association networks that may underlie contributions of the striatum to higher cognitive functions.
